For more than 10 years, electron donor has been injected into the Snake River aquifer beneath the Test Area North site of the Idaho National Laboratory for the purpose of stimulating microbial reductive dechlorination of trichloroethene (TCE) in groundwater. This has resulted in significant TCE removal from the source area of the contaminant plume and elevated dissolved CH 4 in the groundwater extending 250 m from the injection well. The δ 13 C of the CH 4 increases from -56‰ in the source area to -13‰ with distance from the injection well, whereas the δ 13 C of dissolved inorganic carbon decreases from 8‰ to -13‰, indicating a shift from methanogenesis to methane oxidation. This change in microbial activity along the plume axis is confirmed by PhyloChip microarray analyses of 16S rRNA genes obtained from groundwater microbial communities, which indicate decreasing abundances of reductive dechlorinating microorganisms (e.g., Dehalococcoides ethenogenes) and increasing CH 4 -oxidizing microorganisms capable of aerobic co-metabolism of TCE (e.g., Methylosinus trichosporium). Incubation experiments with 13 C-labeled TCE introduced into microcosms containing basalt and groundwater from the aquifer confirm that TCE co-metabolism is possible. The results of these studies indicate that electron donor amendment designed to stimulate reductive dechlorination of TCE may also stimulate cometabolism of TCE.
Introduction
Trichloroethene (TCE) is a suspected human carcinogen and one of the most widespread and persistent groundwater contaminants in many industrialized nations (1) . Remediation of TCE with pump-and-treat or vapor-stripping techniques is difficult and expensive because of its low solubility (1100 mg/L in water) and high density (1.46 g/cm 3 ), especially in deep groundwater aquifers. As a result, there has been significant interest in developing in situ options for degrading TCE. Reductive dechlorination of TCE to ethene and chloride has emerged as one of the most promising methods for accomplishing this goal. In essence, under anaerobic conditions when suitable electron donors (e.g., lactate) are available, microorganisms can utilize TCE as an electron acceptor, sequentially removing chlorine atoms from TCE to form dichlorethene (DCE), then vinyl chloride (VC), and finally ethene. This process occurs naturally at sites where the appropriate conditions exist (2-6).
In TCE-contaminated aquifers, reductive dechlorination can be encouraged by adding electron donor and/or other nutrients to the groundwater to produce an anoxic environment (7-9).
At some sites, addition of electron donor does not induce complete reductive dechlorination by the natural microbial populations (leading to accumulation of DCE). Supplementation with microbial consortia enriched from sites where complete reductive dechlorination does occur (bioaugmentation), has been shown to stimulate complete reduction to ethene (10-13).
Another promising method of bioremediation of chlorinated solvents involves co-metabolism of the contaminants by aerobic microorganisms in groundwater and soils (15, 16) . Several aerobic microorganisms have been demonstrated to be capable of doing this, including methane oxidizers (17-19), phenol-degraders (20), and toluene-degraders (21). Unlike reductive dechlorination, the chlorinated compounds are completely mineralized to CO 2 and chloride with no intermediates making co-metabolism an attractive alternative where it can be sustained.
However, the microorganisms gain no energy from these processes, limiting the ability of cells to co-metabolize chlorinated compounds (22, 23) . This, together with the difficulties and high costs of maintaining substrate and an oxic environment, have led to limited field-scale application of co-metabolism for solvent degradation.
In this study, we present data from a field site that has been undergoing long-term electron donor addition to stimulate reductive dechlorination of TCE in groundwater. The primary effect of the electron donor addition has been significant decreases in TCE concentrations, especially within 50 m of the injection well. Changes in the chemistry and microbiology of the groundwater (8, 10, 14) include an increase in the dissolved CH 4 content of the groundwater as far as 250 m down-gradient from the injection well. This suggests that oxidation of the CH 4 by methanotrophic bacteria could lead to enhanced co-metabolism of the chlorinated solvents in the groundwater, providing a secondary mechanism for TCE removal.
Materials and Methods

Field Site and Sample Collection. Test Area North (TAN) is an Idaho National Laboratory
(INL) facility located on the Snake River Plain of eastern Idaho ( Figure 1 ). TAN consists of several experimental and support facilities used for research and development on reactor performance and nuclear safety (24) . In May 2007, groundwater and biomass samples were collected from 8 wells in the TAN plume for this project ( Figure 1 ). The samples were collected with dedicated down-hole pumps following purging of the groundwater using a low-flow technique to minimize wastewater. Most of these wells have screened or uncased intervals through most of the upper aquifer (Table S.1 in the Supporting Information contains the screened intervals). This is a potential source of variability for the sampling data; however, this is minimized by the low-flow sampling technique.
From each well, duplicate samples were collected in 40 mL vials for measurements of the concentrations and isotopic compositions of chlorinated solvents. For CH 4 and dissolved inorganic carbon (DIC) analyses, approximately 400 mL was collected in a custom glass flowthrough vessel fitted with Teflon valves at the inflow and outflow ends that could be sealed after the vessel was flushed and filled with groundwater. Biomass samples were filtered from 0.25 to 20 L of groundwater for molecular analysis of the microbial community structure (more detail on the biomass sampling procedures is contained in the Supporting Information).
To provide material for laboratory incubation experiments to test for the ability of the endogenous microbial community to co-metabolize TCE, six flow-through in situ bioreactors Analytical Techniques. The dissolved CH 4 concentrations were measured by replacing a known volume of sample with helium gas in bottles containing a sample collected with no headspace.
The CH 4 concentration in the helium bubble was then analyzed and converted back to a dissolved CH 4 concentration using the Henry's Law constant for CH 4 in water. Microbial Community Analyses. DNA was extracted from the biomass filtered from the monitoring wells at LBNL. This DNA was amplified using PCR analysis of the microbial community structure using the PhyloChip. The PhyloChip is a high-density oligonucleotide microarray capable of detecting the presence and relative abundances of almost 9000 bacterial and archeal taxa (27, 28) . More detail on the DNA extraction and amplification and the PhyloChip analyses are given in the Supporting Information for this paper.
Results and Discussion
Groundwater Geochemistry. Electron donor added to the groundwater at TAN is plotted in Figure 2A (in kg/week, calculated as a 16-week moving average). There was considerable variability in both the amount and injection strategies (e.g., variable electron donor concentrations were tested, tests of continuous versus pulsed addition of electron donor). In a greater amount of oxidation at this point in the plume. This is reasonable given that this well typically has very low CH 4 with occasional spikes to higher concentrations and appears to be the approximate limit of where CH 4 generated from electron donor addition extends into the plume.
CH 4 is detected in the monitoring wells beyond this point, but generally at concentrations of less than 20 µmol/L, which are within the background range for the Snake River aquifer (32).
Microbial Ecology. µmol/L), meaning that methanotrophs in the microcosms will be exposed to more TCE than CH 4 which will inhibit their activity (22,23).
The δ 13 C values of the DIC in the day 1 samples were variable, but leveled off for the day 2 through day 4 samples, suggesting that the maximum capacity of the bacteria in the microcosms to degrade TCE was achieved after 2 days. The average and range of DIC δ 13 C values for the day 2 through day 4 samples are plotted versus the amount of 13 C TCE added in Figure 5 (see Table S In essence, the microcosms were capable of co-metabolizing TCE, but only for a limited amount of time because of the relatively low amounts of CH 4 available. This, coupled with the high concentrations of TCE in the aqueous phase in the microcosms, suggests that the microorganisms were primarily degrading the TCE and not CH 4 , which is likely the cause of the apparent lack of activity after the first few days. In laboratory experiments, Oldenhuis et al. (22) and Alvarez-Cohen et al. (23) found that methane-oxidizing microorganisms have a finite capacity for co-metabolism of TCE.
The results of these experiments, combined with the geochemical and molecular data demonstrating that methanotrophic bacteria are present and active in the TAN groundwater, strongly suggest that CH 4 generated from metabolism of electron donor injected to stimulate reductive dechlorination of TCE is also causing co-metabolism of TCE in the down-gradient, more aerobic portions of the plume. This could be a significant mechanism for degrading TCE within aerobic portions of plumes located down-gradient from source areas undergoing stimulated reductive dechlorination of chloroethenes. 13 C values of DIC in short-term (two to four day) incubation experiments performed using basalt chips that had colonized for eight months in TAN-35 and groundwater from TAN-35 plotted versus the amount of 13 C-labeled TCE added to the experiments (in addition to 500 ppb of unlabeled TCE in the groundwater). Vertical bars represent the range of values measured for 3-6 replicates that contained the same amount of added 13 C TCE. Also plotted are changes in DIC carbon isotope ratios calculated for varying amounts of total TCE degradation (dashed and lowed solid curves). AllPrep purification (Qiagen, CA) as described previously (27) . DNA was quantified by absorbance at 260nm using a NanoDrop ND-1000.
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Chemical and Isotopic Data for May 2007 Samples
For each microarray, the same amount of 16S rRNA gene amplicons was hybridized regardless of the yield of the PCR reactions. The 16S amplicons were spiked with a mixture containing a known quantity of non-16S molecules (spike-in controls) that were treated identically from this point onwards. Subsequent technical variation due to minor differences in target fragmentation, fragment labeling with biotin, array hybridization, washing, staining and scanning were accounted for by normalizing fluorescence across arrays using the internal non- 
Incubation Experiments
To test the capacity of the TAN groundwater system to aerobically degrade TCE, a set of incubation experiments was conducted with varying concentrations of 13 C-labeled TCE added (25, 50, 100, 200, 400, 1000 and 2000 µg/L) were conducted with groundwater and basalt collected from the in situ bioreactors after they were retrieved from TAN-35. 13 C TCE was used to be able to distinguish small contributions of inorganic carbon resulting from aerobic degradation of TCE during the incubations from the high background of DIC in the groundwater (4 mM). For the experiments, ~2 cm 3 of basalt, 3 ml of groundwater and 3 ml of air were added to 8 ml crimp-top vials sealed with a blue butyl septa. Four vials at each concentration of 13 C TCE were prepared (the 2000 µg/L treatment was done in duplicate). Each day for 4 days following the beginning of the experiment, 1 vial for each treatment was killed by addition of Na-azide. Following addition of Na-azide, the samples were refrigerated until they could be shipped to the LBNL for isotopic analyses. The carbon isotopic data for DIC and dissolved CH 4
(only for the microcosms with 2000 µg/L added 13 C TCE) for these experiments is given in where CM is the amount of DIC produced from TCE co-metabolism in moles/L and BD is the background concentration of DIC in the microcosms (4 mmol/L). The calculated values were then converted back to δ 13 C values using formulas (1) and (2) and plotted on Figure 5 in the manuscript. 
